Child maltreatment is associated with increased risk for virtually all common mental disorders, but it is not yet clear why. One possible mechanism is emotion regulation ability. The present study investigated for the first time the influence of a BDNF Val66Met genotype × child maltreatment interaction on emotion regulation, and compared differential susceptibility and diathesis-stress models. A sample of N = 254 healthy volunteers were genotyped for the BDNF Val66Met polymorphism and underwent an experimental assessment of reappraisal ability (i.e. the success of using reappraisal to downregulate negative affect). A self-report instrument previously validated against a clinical interview was used to investigate child maltreatment. There was a significant BDNF Val66Met genotype × child maltreatment interaction (B = −0.31, P < 0.015), with Met carriers showing both the lowest level of reappraisal ability in maltreated participants, and the highest level of reappraisal ability in non-maltreated participants. By assessing alternative models, we found that the best fitting model was in line with strong differential susceptibility. As expected, reappraisal ability was negatively correlated with depressive symptoms. Therefore, the BDNF Val66Met polymorphism moderates the link between child maltreatment and emotion regulation ability. Future studies could investigate whether improving reappraisal in maltreated BDNF Met carriers results in reduced risk for mental disorders.
Introduction
Extensive evidence shows that child maltreatment is associated with increased risk for virtually all commonly occurring mental disorders (for review see Cicchetti 2016; McLaughlin 2016; Nemeroff 2016) . Considering that both genetic and environmental factors contribute to risk for psychopathology (e.g. Kendler et al. 2003) , many studies have focused on gene-environment (G × E) interactions involving, on the one hand, candidate genes related to neural development, neurotransmitter signaling and physiological responses to stress, and, on the other hand, child maltreatment (for review see Caspi et al. 2010; Sharma et al. 2016) . For instance, a meta-analysis (Hosang et al. 2014) has recently indicated that a functional polymorphism in the brain-derived neurotrophic factor (BDNF ) gene consistently moderates the impact of child maltreatment on depression. This polymorphism involves a valine (Val) to methionine (Met) replacement at codon 66 and is known as Val66Met (rs6265) (Egan et al. 2003) . The Met allele of this polymorphism has been associated with reduced activity-dependent secretion of BDNF in neurons (Egan et al. 2003) , which influences synaptic plasticity in prefrontal cortex regions that are essential for many forms of self-regulation (Pattwell et al. 2012) .
The nonspecific association between child maltreatment and a host of mental disorders suggests that studies should increasingly focus on psychological mechanisms that underlie transdiagnostic symptoms (Cicchetti & Toth 2015; McLaughlin 2016; Meyer-Lindenberg & Weinberger 2006) . Emotional symptoms characterize many mental disorders and may stem from problems with emotion regulation (Fernandez et al. 2016; Gross & Jazaieri 2014; Sheppes et al. 2015) . Emotion regulation refers to the strategies by which one attempts to control the generation and expression of emotional responses in line with current goals (Gross 2014) . One of the most extensively studied emotion regulation strategies is cognitive reappraisal, which involves changing emotional responses by reformulating the meaning of a situation (Gross 2014) . Experimental studies in which reappraisal was manipulated have shown that this strategy is very efficient in reducing negative affect (e.g. Ochsner et al. 2004; Szasz et al. 2011) . Moreover, individual differences in reappraisal ability or the degree to which one succeeds in reducing negative emotions using reappraisal is associated with reduced depressive symptoms following stressful events (Troy et al. 2010) . In light of its relation to vulnerability to psychopathology, recent research has started to investigate the factors that underlie reappraisal ability.
To our knowledge, only two studies have examined the impact of child maltreatment on reappraisal ability. McLaughlin and colleagues (McLaughlin et al. 2015) reported that although reappraisal ability may not be altered in maltreated adolescents, the underlying neural activity is characterized by increased recruitment of prefrontal cortex regions involved in effortful emotion regulation. Reappraisal may thus require greater effort or more cognitive resources in maltreated youth, and may break down more easily during stress. Another study found that reappraisal ability may be enhanced in young people with a history of child maltreatment (Schweizer et al. 2016) . These divergent results suggest that the relation between child maltreatment and reappraisal ability may be moderated by other factors, such as genetic differences. However, potential G × E interactions between candidate genes relevant for emotion regulation and child maltreatment have not been investigated until now. From a broader perspective, there is evidence that the BDNF Val66Met polymorphism moderates the effect of recent stressful events on rumination, an emotion regulation strategy that has been linked to depression (Clasen et al. 2011) . In addition, two other studies found that BDNF Met carriers show higher anxious preoccupation in stressful situations (Colzato et al. 2011; Koh et al. 2014) and use less efficient coping strategies (Aizawa et al. 2015) .
The goal of the present study was to test whether the BDNF Val66Met polymorphism moderated the link between child maltreatment and reappraisal ability. It has been recently argued that genotypes may be associated with differential susceptibility to environment, resulting in both greater costs from environmental adversity and greater benefits from environmental support Belsky et al. 2009 ). This hypothesis has been supported in the case of the BDNF Val66Met polymorphism and family environment, with Met carriers showing higher depressive symptoms in negative family environment and lower depressive symptoms in positive family environments (Dalton et al. 2014) . Similarly, a reduced volume of hippocampal regions, which had been associated with depression, was found in BDNF Met allele carriers with a history of child maltreatment, whereas a larger volume was observed in non-maltreated people with the same genotype (Frodl et al. 2014) . In light of this literature, the present study took an analytic approach (Widaman et al. 2012 ) that allowed us to assess the BDNF Val66Met genotype × child maltreatment interaction from the perspectives of both differential susceptibility and diathesis-stress models.
Materials and methods

Participants
Participants were recruited through campus and online advertisements. An a priori sample size estimation, run in G*Power 3.1.9.2 (Faul et al. 2007) , indicated that a minimum of 124 participants are required for detecting a small effect size, with = 0.05 and power = 0.80. The present sample included 254 participants (207 women) with a mean age of 21.57 years (SD = 4.76 years). All participants were Caucasians of European descent, and Romanian was their first language. None of the participants reported neuropsychiatric or endocrine conditions, or use of psychoactive medication. The study protocol followed the recommendations of the Declaration of Helsinki regarding participant safety and was approved by the Ethics Committee of Babeş-Bolyai University.
Genotyping
The DNA was extracted from buccal epithelial cells using the MasterPureTM Complete DNA & RNA Purification Kit (Epicentre, Madison, WI, USA) and kept at −20 ∘ C. BDNF Val66Met genotyping was performed using tetra primer amplified refractory mutation system (T-ARMS)-PCR method (Sheikh et al. 2010) , as previously described (Vulturar et al. 2016 ) (see Appendix S1, Supporting Information). Considering that the BDNF Met allele is relatively rare (i.e. approximately 19%) in European samples (Petryshen et al. 2010; Vulturar et al. 2016) , we aimed at comparing Met carriers (i.e. Val/Met, Met/Met) and Val homozygotes (i.e. Val/Val).
Reappraisal task
Reappraisal ability was assessed using a behavioral task extensively employed in previous studies (e.g. McRae et al. 2012b; Ochsner et al. 2004) . After reappraisal was explained, the task was presented and participants were informed that they would see images preceded by one of two instructions: 'Decrease', which was their cue to use reappraisal in order to decrease the emotional impact of the image, and 'Look', which indicated that the image should be attended to naturally. The task was designed and run using E-Prime software (Psychology Software Tools, Sharpsburg, PA, USA) and included 6 practice trials, in which participants practiced reappraisal with feedback from the experimenter, and 60 experimental trials, in which reappraisal ability was assessed.
Trials began with the instruction (Look/Decrease) followed by the presentation of the target stimulus (neutral/negative stimulus) and a negative affect rating on a 7-point Likert scale (1 = low; 7 = high). Order of trials was randomized at the beginning of the experiment and remained the same for all participants. The target image was emotionally negative in two thirds of the trials, and neutral in one third of the trials. Half of the emotionally negative stimuli were preceded by the Decrease instruction, and the other half were preceded by the Look instruction; neutral stimuli were always preceded by the Look instruction. The images were selected from the International Affective Pictures System (Lang et al. 2008) based on emotional arousal and valence scores (see Table S1 , Supporting Information). Neutral stimuli had significantly lower emotional arousal (t 58 = −15.36, P < .001, d = 4.16) and higher (i.e. midrange) valence scores (t 58 = 38.48, P < .001, d = 10.62) compared to negative emotional stimuli; emotional arousal (t 38 = 0.15, P = .975) and valence (t 38 = −0.31, P = 0.757) scores of negative emotional stimuli in the Look and Decrease conditions were not significantly different.
In line with previous studies (Ochsner et al. 2004) , reappraisal ability was estimated as the mean difference between the Look Negative and Decrease Negative conditions, such that higher scores indicate greater reappraisal ability (i.e. greater decreases in negative affect due to reappraisal).
Self-report measures
The Romanian version of the Childhood Experience of Care and Abuse Questionnaire (CECA.Q; Bifulco et al. 2005 ) was used to assess maltreatment before age 17. This scale is based on and was validated against a widely used interview of care and abuse (Bifulco et al. 1994) , and focuses on the following dimensions: parental loss, lack of social support, institutionalization, parental care, physical abuse and sexual abuse. Parental loss (i.e. death of mother or father or any continuous separation from parents of 1 year of more), lack of social support from adults or peers, and institutionalization in a children's home are assessed based on screening questions with dichotomous (yes/no) answers. Parental care includes assessments of antipathy (i.e. hostile, cold and rejecting behaviors toward the child) and neglect (i.e. parent's disinterest regarding the child's material care, health, schoolwork and friendship), each based on sixteen items rated on a 5-point Likert scale (1 = not at all; 3 = unsure; 5 = definitely) and referring to each parent. Reliability coefficients in our sample were .86 for mother antipathy, .87 for father antipathy, .74 for mother neglect and .84 for father neglect, which are similar to those reported for the original scale (Bifulco et al. 2005) . The section on physical abuse (i.e. physical punishment such as repeated hitting, punching, kicking or being burned) included a screening question to identify occurrence of this type of abuse and four follow-up questions to characterize the severity of physical abuse (e.g. singular or repeated; presence of injury), and was completed for each parent. The occurrence of sexual abuse (i.e. unwanted sexual experiences) was assessed by three screening questions and eight follow-up questions to determine the severity of sexual abuse (e.g. relation to abuser; whether it involved touching private parts or sexual intercourse). This section was filled in twice, in connection to the first traumatic sexual experience and one further such experience. The raw scores on maternal and paternal neglect and antipathy, physical abuse and first and subsequent sexual abuse are continuous (dimensional), and, in order to be summed with the dichotomous scores from the other CECA.Q scales (i.e. parental loss, lack of social support and institutionalization), they are dichotomized into severe and non-severe categories based on standardized cut-offs. In this study, we used cut-offs that were optimized to detect maltreatment experiences that would be rated marked or moderate in the related interview (Bifulco et al. 2005) . These dichotomous scores were summed with those from the screening sections on parental loss, institutionalization and lack of a support figure. The total CECA.Q score can range from 0 to 11, with higher scores indicating more experiences of child maltreatment.
Depressive symptoms (e.g. sadness, self-dislike, loss of interest) were assessed using the Romanian version of the Beck Depression Inventory (BDI-II; Beck et al. 1996) . Each of the 21 items (e.g. 'Sadness') is followed by four statements listed in order of increasing severity from 0 to 3 (e.g. 0 = 'I do not feel sad'; 3 = 'I am so sad or unhappy that I can't stand it'). Higher scores indicate more depressive symptoms. The reliability coefficient for the BDI-II was .89 in the current sample.
Statistical analysis
Departures from Hardy-Weinberg equilibrium were first investigated in order to determine whether genotype frequencies in the present sample were different from the general population (Rodriguez et al. 2009 ). We then examined the distribution of child maltreatment experiences in the present sample and used Pearson correlation to describe the relations of child maltreatment and the BDNF Val66Met polymorphism with depressive symptoms. Before reappraisal ability was estimated, manipulation checks were run to confirm that reappraisal use decreased negative affect. The association between reappraisal ability and depressive symptoms was also analyzed using Pearson correlation. These statistical analyses were run in SPSS (IBM, Armonk, NY, USA).
After checking for a potential gene-environment correlation, the main analysis focused on the interactive effects of a BDNF Val66Met genotype × child maltreatment on reappraisal ability. Based on a recent statistical approach Widaman et al. 2012) , the G × E interaction was examined in two steps: (1) an exploratory analysis using standard multiple linear regression (see Appendix S1) to test whether the G × E interaction was significant; and (2) a confirmatory analysis with reparameterized equations (see Appendix S1) to evaluate different forms of interactions based on differential susceptibility and diathesis-stress models. Briefly, the interaction is consistent with differential susceptibility (i.e. disordinal) if the point and interval estimates of the cross-over point (C) of the slopes representing the two BDNF genotypes fall within the range of values of childhood maltreatment scores (X). Otherwise, if C is equal to or greater than the most positive point on X, the interaction is consistent with diathesis-stress (i.e. ordinal; Widaman et al. 2012) . Regression analyses were run in R-Studio version 0.99.893 (R-Studio, Boston, MA, USA), using the script provided by Widaman et al. (2012) . 
Results
Descriptive analysis
Owing to insufficient DNA, the BDNF Val66Met polymorphism could not be genotyped in two participants. There were 175 participants with the Val/Val genotype, 70 with the Val/Met genotype, and 7 with the Met/Met genotype. The genotypes were in Hardy-Weinberg equilibrium ( 2 = 0.1, P > 0.05). Given the small frequency of the BDNF Met allele (q = 0.17) in this sample, Met carriers were compared with Val homozygotes.
Participants reported between 0 and 9 experiences of maltreatment on the CECA.Q (for the frequency of specific types of maltreatment, see Table S2 ). However, given that very few participants reported more than four experiences of maltreatment (6.69%) and there were no Met carriers in some of these cells, participants with four or more experiences of maltreatment were grouped together. Therefore, we used CECA.Q scores that ranged from 0 to 4 (see Table 1 ).
The CECA.Q scores positively correlated with BDI-II depressive symptoms scores (r = 0.19, P = 0.005; see Table 3 for descriptive statistics on BDI-II scores). However, the relation between the BDNF Val66Met genotype and depressive symptoms was not significant (r = −0.08, P = 0.194).
Reappraisal ability
A repeated measures ANOVA indicated significant differences in negative affect between Look Negative, Decrease Negative and Look Neutral conditions: F 2, 506 = 751.35, P < 0.001, p 2 = 0.74 (Fig. 1) . Post-hoc tests showed that the use of reappraisal significantly decreased negative affect in comparison to passive viewing of negative images (P < 0.001). As expected, the lowest level of negative affect was reported for neutral images. The number of child maltreatment experiences is indicated by numbers between 0 and 4; 4+ indicates four or more such experiences. CECA.Q, Childhood Experience of Care and Abuse Questionnaire.
Reappraisal ability scores (i.e. Look Negative -Decrease Negative) negatively correlated with BDI-II depressive symptoms scores (r = −0.13, P = 0.029).
Gene-environment interactions
There was no evidence of a gene-environment correlation between the BDNF Val66Met genotype and child maltreatment (r = −0.04, P = 0.487).
A standard multiple regression was first run with child maltreatment as predictor, the BDNF Val66Met genotype as moderator, and reappraisal ability as outcome. We found no significant partial main effects of the BDNF Val66Met genotype and CECA.Q child maltreatment on reappraisal ability (Model 1 in Table 2 ) (see also Table 3 ). However, after including the product term, the model improved significantly and the interaction between the BDNF Val66Met genotype and childhood maltreatment (B3) was significant (Model 2 in Table 2 ). The interaction remained significant when sex was included as a covariate in the model (B = −0.37; standard error (SE) of B = 0.11; 95% confidence interval (CI) [−0.61, −0.14]; P = 0.001). 1 The slope representing the relation between child maltreatment and reappraisal ability was significant in Met carriers (B = −0.30, P = 0.002), but not in Val homozygotes (B = 0.09, P = 0.135; Fig. 2) . Therefore, the BDNF Val66Met genotype × child maltreatment interaction in reappraisal ability was followed up in confirmatory analyses.
Using a reparameterized equation fitted to the strong differential susceptibility model (Model 3a in Table 2 ), we first tested the assumption that only BDNF Met carriers would benefit (i.e. show higher reappraisal ability) from an environment without child maltreatment, whereas Val homozygotes would be unaffected by this type of environment. As shown in Table 2 , Model 3a explained a significant amount of variance in reappraisal ability. The estimated cross-over point (Ĉ = 1.17, SE = 0.51) was close to the sample mean of child maltreatment (M = 1.55, SD = 1.4), and its 95% confidence interval [0.16, 2.20] also fell within the range of child maltreatment scores. Model 3b tested the weak differential susceptibility assumption that both BDNF Met carriers and Val homozygotes benefitted from the absence of child maltreatment, but to different degrees. By removing the constraint that B1 = 0 in the reparameterized equation, Model 3b remained significant, the estimated cross-over point (Ĉ = 1.22, SE = 0.46) was close to the sample mean, and its 95% confidence interval [0.31, 2.14] also fell within the range of child maltreatment scores. Nonetheless, this model did not provide a better fit than Model 3a (Table 2) .
To further support the disordinal nature of the BDNF Val66Met genotype × child maltreatment interaction, we also tested strong (Model 3c) and weak diathesis-stress (Model 3d) models (Table 2 ). In comparison to the differential susceptibility models, both diathesis-stress models explained significantly less variance.
Discussion
The results of the present study show that the BDNF Val66Met polymorphism is an important moderator of the relation between child maltreatment and reappraisal ability, and that this G × E interaction fits a strong differential susceptibility model.
We focused on reappraisal ability because it represents a clinically important dimension of emotion regulation, which has been related to depression (Troy et al. 2010; this study) and may contribute to the risk for other forms of psychopathology (Fernandez et al. 2016; Gross & Jazaieri 2014; Sheppes et al. 2015) . Reappraisal was assessed in this study using an established laboratory task, in which ability is operationalized as the degree to which reappraisal decreases negative affect induced by distressing images (Ochsner et al. 2004) . This experimental measure of emotion regulation was used in two previous studies on child maltreatment, which divergently indicated that reappraisal ability may (Schweizer et al. 2016) or may not (McLaughlin et al. 2015) differ in maltreated adolescents. Using the same self-report assessment of childhood care and abuse (i.e. CECA.Q) as McLaughlin and colleagues (McLaughlin et al. 2015) , we replicated their results and found that the direct impact of child maltreatment on reappraisal ability is, indeed, not significant.
The divergent results in previous studies (McLaughlin et al. 2015; Schweizer et al. 2016) suggested that the relation between child maltreatment and reappraisal may not be straightforward and encouraged us to identify a potential genetic moderator. We chose the BDNF Val66Met polymorphism given evidence that it influences synaptic plasticity in prefrontal regions underlying emotion regulation (Pattwell et al. 2012) , in which enhanced activation during reappraisal was observed in maltreated adolescents (McLaughlin et al. 2015) . As expected, we found that child maltreatment was associated with reduced reappraisal ability only in BDNF Met carriers. However, the same genotype was also associated with the highest level of reappraisal ability in non-maltreated participants. The assessment of alternative G × E models supported a strong differential susceptibility model, suggesting that BDNF Met carriers are both able to benefit from better childhood care (as indicated by low CECA.Q scores) and more vulnerable to child maltreatment. This complements previous results related to depression, which showed that the BDNF Met allele is associated both with the lowest and the highest vulnerability to depression depending on the quality of family environment (Dalton et al. 2014 ) and the history of child maltreatment (Frodl et al. 2014) . One question that arises from the present results is whether the BDNF Val66Met genotype × child maltreatment interaction influences reappraisal ability through individual differences in cognitive control. Reappraisal has several stages, from finding an alternative interpretation of the situation in due time for it to work (i.e. in the early stages of emotion generation, before emotional responses have reached an intensity level at which regulation using this strategy would be difficult) to controlling its implementation until emotional responses are regulated as desired (Sheppes et al. 2015) . Supporting the view that reappraisal relies on cognitive control, recent studies have shown that reappraisal ability is positively correlated with working memory capacity and set-shifting (McRae et al. 2012b) . Notably, there is also evidence of a disordinal BDNF Val66Met polymrphism and child maltreatment interaction in working memory (Gatt et al. 2009 ) and improved set-shifting performance in elderly BDNF Met carriers compared to Val homozygotes (Gajewski et al. 2011; van der Kolk et al. 2015) . In light of this literature, future studies could investigate the pleiotropic effects of BDNF Val66Met × child maltreatment on emotion regulation and cognitive control.
Another question is related to whether the present findings in young adults can be generalized to other age groups. Using a similar measure of reappraisal ability in children, adolescents and adults, a recent study (McRae et al. 2012a) found a linear increase with age both in the success of using reappraisal to reduce emotional responses to distressing stimuli, and neural activity in prefrontal brain regions involved in self-regulation. These findings suggest that developmental changes may add to the effects of G × E interactions on reappraisal ability. Future studies could investigate whether the interaction between the BDNF Val66Met genotype and child maltreatment affects the developmental trajectory of reappraisal ability in childhood and adolescence, with potential implications for vulnerability to psychopathology.
The present study has several implications. First, it provides a new illustration of the differential susceptibility theory Belsky et al. 2009 ), according to which gene alleles such as BDNF Met may have been selected in evolution because they create changes in biological pathways that result in enhanced brain plasticity and ultimately, increased sensitivity to context. While this sensitivity may be beneficial in supportive environments, it comes with higher costs, such as greater risk for psychopathology, in adverse environments. Second, the present results suggest that reduced reappraisal ability may be one of the mechanisms that contribute to the increased risk for depression and other mental disorders in maltreated BDNF Met carriers. Future studies should further investigate this issue in clinical samples. Moreover, BDNF Met carriers may benefit the most from interventions that optimize reappraisal, such as cognitive-behavioral psychotherapy (e.g. Goldin et al. 2012) . This hypothesis has been investigated with inconclusive results, but future research is warranted given that previous studies focused on psychotherapy based on exposure rather than cognitive restructuring and included patients that were concurrently on antidepressant medication (Lester & Eley 2013) . The latter limitation is all the more important considering that there is meta-analytic evidence for an increased response to antidepressants in BDNF Met carriers with depression (Zou et al. 2010 ).
The focus on child maltreatment in the present study may have offered a limited view on BDNF Val66Met and differential susceptibility to context considering that the absence of child maltreatment is far from an ideal assessment of positive environmental influences. In line with this study, previous research also found that the BDNF Met allele is associated with functional advantages in non-maltreated people and functional disadvantages in maltreated people (e.g. Frodl et al. 2014) . However, future G × E studies should use specific measures of both negative and positive childhood experiences . Moreover, we assessed childhood maltreatment based on retrospective self-report, which may be prone to memory biases and may also favor underreporting (Briere & Elliott 1997; Williams 1994) . However, we tried to counter this limit by using CECA.Q cut-off scores that were optimized to detect child maltreatment that would be rated as marked or severe in the related interview (Bifulco et al. 2005) . Finally, two other limitations that we must acknowledge are related to the sample size in the present study, and the unequal sex distribution. According to conventional a priori sample size estimation, the sample used in this study had sufficient power to detect the small G × E effects, but the literature in the field of genetic association studies suggests that much larger samples may be necessary (e.g. Duncan & Keller 2011) . Mindful of this view and following recommendations in the field (e.g. Caspi et al. 2010) , we tried to reduce the probability of type I error by using an experimental measure of reappraisal ability. As for the unequal sex distribution, we were able to show that the BDNF Val66Met genotype × child maltreatment survived both when sex was statistically controlled, and when the analysis was restricted to the larger group of women. The fact that men were in the minority in the present sample did not allow us to replicate the G × E interaction in this sex, and this remains an open issue for future research.
In conclusion, the present study indicates that the BDNF Val66Met genotype is associated with differential susceptibility to child maltreatment in relation to reappraisal. By showing that a G × E interaction, which has been documented in depression, is also connected to individual differences in reappraisal, our results illustrate the potential of approaching transdiagnostic mechanisms of psychopathology at multiple levels of analysis and underscore the essential role of emotion regulation in mental health. ity for Scientific Research, CNCS -UEFISCDI. The authors declare no conflict of interest.
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